The conversion program of the 2 MW TRIGA reactor in Bandung consisted of the replacement of cylindrical fuel (produced by General Atomic) with plate fuel (produced by BATAN). The replacement led into the change of core cooling process from upward natural convection type to downward forced convection type, and resulted in different thermohydraulic safety criteria, such as critical heat flux (CHF) limit, boiling limit, and cooling fluid flow stability. In this paper, a thermohydraulic safety analysis of the converted TRIGA reactor is presented by considering the Dynamic Nucleate Boiling Ratio (DNBR) criterion, Onset Nucleate Boiling Ratio (ONBR) limit, and cooling fluid flow stability at various cooling fluid flow rate.The numerical analyses were performed using the HEATHYD program on the hottest channels of reactor core.The combination of heat transfer and fluid flow analysis were conducted for reactor operation at 2 MW with 20 fuel element bundles and four control rod bundles. Incoming fluid flow to the cooling channel was fixed at 44.5 °C temperature and 1.9970 bar pressure, and its flow rate was varied from 1.25 to 3.5 m 3 /h. By inputting these values, as well as the total power of fuel elements per bundle, the wall temperature distribution of the plate fuel element, cooling fluid temperature distribution, and pressure losses in the channels were obtained for the analysis of CHF limit, boiling limit, and flow stability. It was shown that no boiling occurred for the cooling fluid flow rate range of 2.4 to 3.5 m 3 /h, and even at the cooling fluid flow rate of 1.25 m 3 /h where some bubbles occurred, the DNBR was higher than the critical limit (more than 23) while the flow stability criterion in some channels were slightly less than 1 (unstable). At the cooling fluid flow rate of 1.4 m 3 /h, however, the flow became stable in all channel. The results showed that even though some bubbles start to occur, the plate-fueltype 2 MW TRIGA reactor can safely operate in the terms of CHF limit and flow stability.
INTRODUCTION


Bandung TRIGA 2000 reactor is a research reactor built in 1964 with current maximum power of 2000 kW, and is considered an important installation for nuclear research and education in Indonesia, due to its capability to back up the production of radioisotopes. Its operation, however, mostly depends on the fuel supplied by General
The conversion program should alter the state of neutronic and thermohydraulic equilibrium in the core. Neutronically, the core structure will change the power distribution, while the cooling process will also be changed. These conditions will affect the safety limit of the core, especially its thermohydraulic aspects such as boiling limit, critical heat flux (CHF) limit, and cooling flow stability [1] [2] [3] [4] . The Bandung TRIGA 2000 reactor used a natural convection cooling system type, but with the conversion into a square core, the cooling will be performed by means of forced convection, and the cooling fluid will flow in a very narrow channel of about 2.3 mm between the fuel plates.
To predict the safety limits, a cooling system analysis of the converted TRIGA 2000 reactor is required. HEATHYD program for reactor core with square fuel element, forced convection, and steady state flow was used to simulate the cooling system characteristics. Analyses were performed by inputting the power distribution of the reactor core calculated in neutronic analysis, and the necessary cooling fluid flow to avoid the heat accumulation can be calculated so that the limit of safety operations will not be exceeded.
EXPERIMENTAL METHODS
Materials
The original fuel cylinders arrangement of the Bandung TRIGA reactor inside the coreis shown in Fig. 1 . About 117 fuel elements were arranged in a hexagonal form, along with five control rods. The reactor is cooled by water through the primary and secondary cooling systemsas shown in Fig. 2 . The hexagonal arrangement of the Bandung TRIGA reactor core was converted into a square core arrangement as shown in Fig. 3 . The cooling system, which initially used natural convection with upward flow direction, was converted into a forced convection with downward flow direction as shown in Fig. 4 [5] . Figure 4 shows the cooling flow of the converted TRIGA reactor which differs from original Bandung TRIGA reactor by using a primary pump (Pp) drawing the cooling fluid downward. This indicates that the converted TRIGA reactor uses forced convection cooling system, while the original Bandung TRIGA reactor used natural convection cooling system.
Methodology
Due to the change of behavior and direction of the cooling system, it is necessary to analyze the safety and performance of the converted cooling system. The analyses were performed numerically using the HEATHYD program [6] , in the following manner (i) Collecting data such as shape, dimension, material, and thermohydraulic characteristic of the Bandung TRIGA 2000 reactor and plate-type fuel data that will be used; (ii) Providing model of the channel with highest temperature in the Bandung TRIGA 2000 reactor core using plate type fuel; (iii) Specifying boundary conditions based on the assumptions that have been stipulated; (iv) Performing thermohydraulic analysis by using HEATHYD program to see the core cooling performance in the channel with highest temperature; (v) Providing technical data for the converted TRIGA reactor that will be used in the design of the reactor cooling system.
HEATHYD is a software package developed for analysis of reactor core with square fuel type and convection cooling system in steady state flow, The results of the analysis were then used to design the converted TRIGA Reactor core cooling system. To conservatively determine the safety limit, the analysis was performed only at the channel with the highest temperature. In the fluid flow section, flow velocity calculation at any pointwas conducted with constant mass flow rate assumption (A = constant). Related pressure drops in the channel were calculated based on [7] [8] . 
where Ac = cross-sectional area in an element (m 2 ), A0 = cross-sectional area of the end box immediately beyond the channel entrance/ exit (m 2 ). In the heat transfer section, items to be calculated are as follows [9] [10] [11] .
Determination Prandtl number (Pr) by, The fuel cladding temperature (Tp) and cooling fluid temperature (Tf) at point z, is defined as dan (7) where = mass flow rate (kg/s), Tfi = in fluid temperature (°C), Tfo = out fluid temperature (°C), TP0 = out plate temperature (°C).
Temperature difference between cladding (Tp) and saturated temperature cooling fluid (Ts) calculated by Jens-Lottes equation as follows, (8) Heat flux distribution (qONB) in the two phase condition formulated by Rohsenow [6] 
RESULTS AND DISCUSSION
The results of the analysis with HEATHYD program include the magnitude of the heat flux during one phase and two phase wall temperature fuel elements and the temperature of the cooling fluid in maximum condition, as shown in Table 1 . This analysis was conducted for the reactor operating at 2 MW with 20 bundles of fuel elements including four pieces of control rod bundles, with the cooling fluid flow rate entering the channel varied from 1.25 to 3.5 m 3 /h, inlet temperature of 44.5 °C, and pressure of 1.9970 bar. The magnitude of the heat flux boiling (qONB) was calculated by using Rohsenow equation (9), the critical heat flux (qDNB) calculated by using Mirshak equation (10) and the flow stability (Sf) calculated by using Whittle and Forgan equation (11) . To identify the boiling process, an Onset Nucleate Boiling Ratio (ONBR) was defined as the ratioof boiling heat flux (qONB) to actual heat flux. When ONBR < 1, actual heat flux exceeds the boiling heat flux, thus allowing the occurrence of boiling. Figure 6 shows that at flow ratesfrom 1.25 to 1.6 m 3 /h, the ONBRs were mostly lower than one and boiling should occur.
It can be seen from the figure that to prevent boiling, the cooling fluid flow rate should be increased. By increasing the flow rate up to 3.5 m 3 /h, apparently the ONBR was increased, exceeding 1 at the cooling fluid flow rate of 2.4 m 3 /h as shown in Fig. 7 . A further burnout condition, when the cooling fluid is not in contact with the wall and a rapid increment of cladding temperature results for even a small increment of heat flux, should be anticipated when the boiling condition has been fulfilled. The burnout fraction is defined as Dynamic Nucleate Boiling Ratio (DNBR), i.e., the ratio between critical heat flux (CHF) and actual heat flux. When DNBR < 1, actual heat flux exceeds the CHF, thus allowing the occurrence of burnout. As for the flow stability shown by Sf in equation (11), if Sf less than 1, then flow instabilities will occur. It can be seen in Fig. 9 that the cooling fluid flow across all channels remained stable, because for all the channels in a single bundle, Sf remained higher than 1. Figure 10 shows that the temperature of the plate was always higher than the temperature of the cooling fluid, so heat flowed from the plate to the cooling fluid. As a result,the cooling fluid temperature at the channel entry became lower than at the channel outlet. Due to this condition, the most probable location of core boiling is at the outlet (bottom side). The temperature distributions at the left and right side wall have the same tendency, with the right side wall temperature being higher than that of the left side, due to the higher heat flux on the right side. 
CONCLUSION
A simulation of 2 MW plate-fuel type TRIGA reactor using HEATHYD software has been performed. The results indicated that in the aspects of CHF limit and flow stability, the reactor could be safely operated at a lower cooling fluid flow rate of 1.4 m 3 /h, even though some boiling occurred. At the cooling fluid flow rate of 2.4 m 3 /h, no boiling occurred and the reactor should be able to operate normally.
The results of this analysis will be used as an input data for Bandung TRIGA plate-fuel reactor cooling system design to achieve safe operation of the reactor. 
